We have studied the spin dynamics in Pr 0.63 Sr 0.37 MnO 3 above and below the Curie temperature T C = 301 K. Three distinct new features have been observed: a softening of the magnon dispersion at the zone boundary for T < T C , significant broadening of the zone boundary magnons as T → T C , and no evidence for residual spin-wave like excitations just above T C . The results are inconsistent with double exchange models that have been successfully applied to higher T C samples, indicating an evolution of the spin system with decreasing T C .
The revival in the study of manganites has led to a reexamination of the unique coupling between magnetism and charge transport in these materials. We focus on perovskite manganites with a transition from a high temperature paramagnetic insulator to a low temperature ferromagnetic metal at the Curie temperature T C . The samples that exhibit this behavior have been partially hole doped away from a parent antiferromagnetic insulator, such as LaMnO 3 , by divalent substitution on the La site, such as La 0.7 Ca 0.3 MnO 3 [1] . The Mn 3d levels, split by the oxygen octahedral crystal field to a lower energy t 2g triplet and a higher energy e g doublet, are filled according to Hund's rule such that all spins are aligned on a given site by a large intra-atomic exchange J H . Electronic conduction arises from the hopping of an electron from Mn 3+ to Mn 4+ with electron transfer energy t. This results in the ferromagnetic double exchange interaction between localized S=3/2 spins (the core t 2g triplet) mediated by the hopping e g electron [2, 3] .
Recently, it has been shown that although the highest T C materials (T C > 325 K) are reasonably described by the double exchange model, with decreasing T C (and reduced electronic bandwidth), the dramatic magnetotransport properties and increasingly first-order transition require the incorporation of a strong Jahn-Teller based phonon coupling [4] [5] [6] . This has been corroborated by a number of studies showing the growing importance of static and dynamic lattice distortions as the zero temperature insulating state is approached [7, 8] .
Thus far, most studies of the spin dynamics have focussed on high T C samples which have been shown to be consistent with the double exchange model [9] [10] [11] . With decreasing T C however, important deviations may occur, as indicated by the development of a prominent diffusive central peak near T C in La 0.67 Ca 0.33 MnO 3 (T C = 250 K) [12] . By studying the spin dynamics in a sample with reduced T C , we can test if the spin system remains well described by simple double exchange (allowing for renormalizations of t and J H ), or just as for the charge dynamics, the lattice coupling must be explicitly considered.
In this paper we report a neutron scattering study of the magnetic dynamics in Pr 0.63 Sr 0.37 MnO 3 above and below T C = 301 K, focussing on the zone boundary magnons. At 10 K (0.03T C ), the magnons are well-defined for all wave-vectors q and exhibit a significant 2 deviation from the dispersion associated with the simplest local moment description. At 265 K (0.9T C ), the dispersion relation has uniformly softened but maintains its q dependence, and significant broadening of the short wavelength magnons is observed. At 315 K (1.05T C ), just 14 K above T C , there is no evidence for an inelastic magnetic peak at any q. We argue that these observations are at odds with double exchange calculations of the spin excitations (including leading order self-energy corrections), indicating qualitatively different spin dynamics in lower T C samples.
We Focussing first on the low temperature dispersion, a new feature we have observed is the significant softening at the zone boundary, seen in all directions. The Heisenberg spin
Hamiltonian, H = − ij J ij S i · S j , couples the spins at site R i and R j by J ij . In the linear approximation, the spin wave dispersion relation is given byhω(q) = ∆ + 2S(J(0) − J(q)),
. ∆ allows for small anisotropies. The solid line in Figure 1 is the outcome of a fit for only nearest neighbor interactions for ξ < 0. Although J 2 and J 3 were necessary to fit the data, the more important correction to nearest neighbor coupling is J 4 . The long range and non-monotonic behavior of J(q) required by the data seems to rule out a simple Heisenberg Hamiltonian.
On warming, the dispersion relation uniformly softens, as can be seen in Figures 1 and 2 for the [0,0,1] branch at 265 K. At ξ = 0.14, near the zone center, the magnon peak shows no substantial changes other than decreasing to lower energy as temperature is increased. In addition, it is resolution-limited at both 10 K and 265 K. Just above T C , at 315 K, there is no evidence for the magnon peak as expected for the long-wavelength excitations. As the Brillouin zone is traversed (Figure 3 ), magnon lifetime effects become apparent. In particular, on approaching the zone boundary at ξ = 0.5, the 10 K linewidth is substantially larger than the experimental resolution width. On warming to 265 K, the deconvolved widths, which we quote as full-widths at half-maximum throughout this paper and its figures, are nearly doubled, from their 10 K value of 8.4±0.5 meV to 13.2±1.9 meV.
Again, at 315 K> T C , no obvious magnon peak remains.
An important issue to address is the role of the magnetic Pr ions, which display the crystal electric field (CEF) level shown in Figure 2 . A recent powder neutron diffraction study of a manganite with similar Pr concentration observed a refined ferromagnetic moment of ∼ 0.5µ B at low temperature [14] . The spin dynamics of both EuO and EuS have been extensively studied [18, 19] , and the damping near T C in both cases were observed to vary consistent with predominant magnon-magnon damping [20, 21] , with the linewidth Γ varying as Γ ∝ q 4 ln 2 (k B T /hω q ) for Finally, in both EuO and EuS, at short wavelengths, a magnon-like peak was observed far above T C , whereas we did not observe such a feature just above T C in Pr 0.63 Sr 0.37 MnO 3 for any ξ in the [0,0,1] branch.
We now discuss possible explanations of our results. Within a Stoner model, the conduction band in the ferromagnetic state is exchange split into a majority and minority band.
The magnon dispersion enters the Stoner continuum at finite q and ω, where quasiparticle damping of spin waves occurs. The ferromagnetic ground state of the manganite, however, is rather unique in that there is complete separation of the majority and minority band by a large J H . Thus at low temperatures, the entire spin wave dispersion probably lies below the triplet electron-hole pair excitation continuum. At temperatures approaching T C , however, the ordered moment is decreased and the carriers are no longer fully polarized, bringing triplet electron-hole pair excitations to energies within the spin wave band. These excitations can be the decay products of low energy magnons, and as their probability rises with temperature, give rise to temperature-dependent magnon lifetimes.
The damping mechanism described above can be encapsulated in the imaginary part of the magnon self-energy. The real part contains the magnon dispersion, including its deviations from a simple cosine form. The magnon dispersion incorporating the lowest order self-energy correction has been calculated in a Kondo lattice model Hamiltonian with ferromagnetic spin-electron exchange [11] . For J H /t = ∞, the result was a simple cosine dispersion consistent with a nearest-neighbor ferromagnetic Heisenberg exchange. For finite values of J H /t, there are deviations from the simple result, but the deviations do not fit our experimental observations. In particular, the reduction of the low frequency spin stiffness is more significant than the reduction of the total bandwidth, contrary to the experimental results emphasized earlier. Beyond these inconsistencies, however, the most important point is that with decreasing T C , t is reduced. J H is presumably unchanged, being an intra-atomic energy. Thus with decreasing T C , corrections of order t/J H should decrease, not increase.
Therefore, lowest order perturbative corrections in t/J H do not capture our experimental results.
The Kondo-lattice calculations discussed above have two limitations: the rate of convergence is not well understood, and the effects of varying the hole concentration x are not explored. These issues have been studied in one dimension by exact diagonalization of double exchange coupled spin rings for large J H [22, 23] . Deviations from a simple cosine dispersion are predicted, particularly for extremely large or small doping (x < 0.2 and x > 0.7). For intermediate carrier concentrations (as studied here), however, a cosine band is recovered. For the two samples compared in Figure 1 , the nominal carrier concentration is not significantly different, leading to the conclusion that a degree of freedom beyond x, t, or J H is needed to account for our data.
One much discussed parameter beyond the purely electronic parameters is the electronlattice coupling, which is worth considering because of the large and strongly temperaturedependent mean square displacements u 2 of Mn and O near T C [7, 8] . 
